Introduction
The brain's shape and volume vary considerably between individuals (Ono et al., 1990) . Genetic, environmental, and experience-dependent factors all play a role (Golestani et al., 2011; Yoon et al., 2011) . In two studies of experience-dependent brain plasticity, Maguire et al. (2000) reported that the size of the hippocampus correlated positively with years of professional practice in taxi drivers, and Draganski et al. (2004) observed increased gray matter (GM) density in the mid-temporal area after juggling training. More recently, Abdul-Kareem et al. (2011) reported a correlation between GM volume in Broca's area and years of musical performance in musicians and Carreiras et al. (2009) showed structural brain differences between literates and illiterates.
Concerning the auditory cortex, it is known that deafness or tinnitus can have a negative impact on its development (Emmorey et al., 2003; Schneider et al., 2009) . Additionally, an enriched environment, such as musical education, can lead to enlargement of the Heschl's gyrus (HG) (Schneider et al., 2002) . One can wonder whether language experience also plays a role. Very little research exists on that question. A first attempt was made by Kochunov et al. (2003) , who compared English and Chinese speakers and reported differences of several brain areas. However, because the Chinese speakers in this study were Asians born in China and the English speakers were Caucasians born in the United States, the linguistic contrast was confounded with ethnic and cultural differences. More recently, Crinion et al. (2009) compared Chinese and English speakers, controlling for ethnicity, and reported higher GM and white matter (WM) densities in the right anterior temporal lobe and the left posterior insula of the Chinese speakers. The authors propose that this may be the result of training to process linguistic tones.
A last hint that language experience can affect languagerelated brain development comes from Mechelli et al. (2004) , who compared bilingual to monolingual speakers. Using voxelbased morphometry (VBM) analyses, they observed that the mastery of a second language correlated with higher GM density in the left posterior inferior parietal cortex, a region involved in vocabulary acquisition (see also Lee et al., 2007) .
Bilinguals not only have to master two lexicons but also two phonological systems. This begs the question of whether the parts of the brain supporting phonetic/phonological processes, in the auditory cortex and its immediate vicinity (Jacquemot et al., 2003) , differ between bilinguals and monolinguals. The two studies mentioned in the abstract (Golestani et al., 2007 and Wong et al., 2008) have reported a positive correlation between the volume of HG and the ability to perceive foreign speech sounds or tones (see also Sutherland et al., 2012) . But it is unknown whether these differences in HG's volume were innate or due to experience. Mechelli et al.'s (2004) study comparing bilinguals to monolinguals did not report any difference between the two groups in the auditory cortex, but their whole-brain approach may have lacked sufficient sensitivity. Therefore, we decided to directly measure the size of auditory cortices in matched groups of bilinguals and monolinguals.
Materials and Methods
Participants. Forty-four right-handed participants, students at the University Jaume I of Castelló n de la Plana (Spain), with no known auditory or neurological deficits, took part in the study. Twenty-two were monolingual Spanish speakers (11 women; mean age ϭ 23.1.years, SD ϭ 4.75 years) and 22 were highly fluent Catalan-Spanish bilinguals (11 women; mean age ϭ 21.5 years, SD ϭ 2.7 years). The study followed the ethical protocol of the University Jaume I of Castelló n and all the participants were paid for their participation.
The monolinguals had been exposed to Catalan for 3 months at most, since their arrival in Castellon; the bilingual participants had learned both Catalan and Spanish before the age of 7 years and used them daily (for information about their linguistic background, see Table 1 ). As the participants had received formal education in English or French in school, starting at age 8.9 years (SD ϭ 3.5 years), we asked them to self-rate their comprehension, reading, fluency, pronunciation, and writing skills in French and in English (on a four-point scale: 1 ϭ perfect, 2 ϭ good, 3 ϭ sufficient, 4 ϭ poor). The scores showed that no participant had a much proficiency in any of these languages (range of average ratings: 2.4 -3.9). Both groups of participants reported a poor command of French (average ratings: bilinguals: 3.7, SD ϭ 0.6; monolinguals: 3.9, SD ϭ 0.3; t (42) ϭ 1.4) and a moderate command of English (bilinguals' scores were higher than monolinguals'; average ratings: 2.7and 3.3, SD ϭ 0.3 and 0.25, respectively; t (42) ϭ 3.4 p Ͻ 0.05).
Finally, information about participants' musical education was collected over the phone or through e-mail a few months after the scanning session. Four participants (2 bilinguals and 2 monolinguals) could not be contacted a posteriori. The following questions were asked: Have you ever played an instrument? When did you start? For how many years did you play? How many hours per week do you currently play an instrument? Additional information about attendance, starting age, and years spent in a music school was collected. The groups did not significantly differ in musical expertise.
Image acquisition and processing. Structural MRI data were acquired with a 1.5-T Siemens Avanto. Participants' heads were immobilized with cushions to reduce motion artifacts. The 3D anatomical volumes were acquired using a T1-weighted gradient echo pulse sequence (TR/TE ϭ 11/4.9 ms, matrix ϭ 256 ϫ 224 ϫ 176; voxel size ϭ 1 ϫ 1 ϫ 1 mm).
Segmentation of Heschl's gyri. The anatomical images were spatially normalized (affine registration only) onto the Montreal Neurological Institute MNI152 template using SPM5 (The Wellcome Department of Imaging Neuroscience, London, UK). Hesch's gyri were then manually segmented on the anatomically normalized images using Anatomist software (http://brainvisa.info), displaying sagittal, axial, and coronal planes simultaneously. Each HG was first identified in the axial plane following the procedure described in Penhune et al. (1996) . The HG was delimited with a line from the medial end of the first transverse sulcus to the medial end of the Heschl sulcus.
The inferior boundary of the HG was identified in the sagittal and coronal planes with a line from the depth of the Heschl sulcus to the first transverse sulcus in the stem of the HG. The superior boundary was defined in the coronal and sagittal planes by the visible ending of the HG. However, multiple or split HG are frequently present. It has been shown that primary auditory areas are located in the most anterior gyri whenever there are multiple transverse gyri (Rademacher et al., 2001 ). In the case of split HG (at least half of its length), the primary auditory areas may also be located in the most anterior gyral subregion (Rademacher et al., 2001) . Therefore, when multiplications of HG or split HG were present, only the most anterior gyri or gyral subregion was segmented. Two trained raters manually drew the HG. They were blind to group (monolinguals and bilinguals), gender, and hemisphere (left and right). The volumes of HG were calculated from the number of voxels in the manually drawn masks. Moreover, the masks were intersected with individual segmented white and gray matter images computed by SPM5 to provide volumes of white and gray matter, respectively. Finally, an inverse normalization was performed on the HG mask to compute the volumes in the native space. Inter-rater reliability was assessed by comparing the global volumes of all HG. The Pearson's r correlation between the volumes measured by the two raters was 0.87 (n ϭ 88, p Ͻ 0.001).
Voxel-based morphometry analysis. VBM was performed using the Diffeomorphic Anatomical Registration through Exponentiated Lie algebra toolbox (DARTEL) procedure implemented in SPM8 (Ashburner, 2007;  http://www.fil.ion.ucl.ac.uk/spm). The MR images were segmented into GM, WM, and CSF using the standard unified segmentation model in SPM8 (Ashburner and Friston, 2005) . The clean-up procedure was applied to the segmented GM images to remove nonbrain tissue. The GM and WM segmented images were normalized, respectively, to the GM and WM population templates generated from our complete database image set (200 subjects) using the DARTEL registration method (Ashburner, 2007) . This template is an affine registration in MNI fields. Individual images were normalized to the template, keeping a voxel resolution of 1 ϫ 1 ϫ 1 mm. Spatially normalized images were modulated to ensure that the overall amount of each tissue class was not altered by the spatial normalization procedure, thus allowing the comparison of volume differences. Finally, the images were smoothed with an 8 mm full-width at half-maximum Gaussian kernel. The statistical analyses were performed using SPM8, with linear models that included, beside the main variable Group (Monolingual vs Bilinguals), whole-brain volumes (sum of GM and WM volumes computed by SPM) and gender as covariates. The difference between the bilinguals and monolinguals was also observed for measurements in native space (NS), and for normalized GM and WM volumes. The GM measurement showed a Group (Bilinguals Ͼ Monolinguals; F (1,40) ϭ 5.5; p Ͻ 0.05) and Gender (Female Ͼ Male; F (1,40) ϭ 7.1; p Ͻ 0.05) effect without interaction. The WM and NS measurements only showed a significant Group effect (Bilinguals Ͼ Monolinguals; WM: F (1,40) ϭ 4.5, p Ͻ 0.05; NS: F (1,40) ϭ 7.5, p Ͻ 0.01). Table 2 displays the gross morphological features of HG (single, split, duplicate, or triple gyri) for the two groups. There is a trend toward more frequent split HG in monolinguals compared with bilinguals, although this result is not significant (Fisher's exact test: left HG: p ϭ 0.30; right HG: p ϭ 0.21).
Results
No significant differences in the normalized HG volumes were found between participants playing an instrument and those who reported not to play any (for all t tests, p Ͼ 0.05). Also, no signif- The fluency scores used a four-point scale (1 ϭ perfect, 2 ϭ good, 3 ϭ sufficient, 4 ϭ poor).
a All participants, except two (who started between 5-7 years of age), started to listen and talk both languages before 3 years of age. icant differences were found between participants who had attended a music school and those who had not (for more information, see Table 3 ). Additionally, no significant correlation between HG volumes and the variables onset of playing, years of playing, or hours per week of playing were observed. Regarding English and French as a foreign language, no significant correlation between HG volumes and self-reported language scores were seen.
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The VBM analysis comparing gray matter between bilinguals and monolinguals (and including whole-brain volume and gender as covariates) did not detect significant differences at the threshold t ϭ 5.22 [p Ͻ 0.05, family-wise error (FWE) corrected for multiple comparisons], but at a lower threshold of t ϭ 3.3 ( p Ͻ 0.001 voxel-based, uncorrected), differences (Bilinguals Ͼ Monolinguals) were detected in the left HG (MNI coordinates: x ϭ Ϫ52, y ϭ Ϫ13, z ϭ 5; t ϭ 3.52; cluster size ϭ 65 mm 3 ) and in the right anterior/middle cingulum (MNI coordinates: x ϭ 9, y ϭ Ϫ1, z ϭ 38; t ϭ 4.69; cluster size ϭ 649 mm 3 ). The inverse contrast Monolinguals Ͼ Bilinguals did not yield any difference even at the p Ͻ 0.001 uncorrected level. Restricting the analysis (using small volume correction) within the left and right HG areas defined from the toolbox WFU Pickatlas 2.5.2 (Maldjian et al., 2003) (749) 1796 (348) n ϭ 40, as four participants from the original group could not be contacted for the post hoc interview.
(coding: 1 ϭ single, 1.5 ϭ split, 2 ϭ duplicate, 3 ϭ triple) as additional covariates did not alter these results (MNI coordinates: x ϭ Ϫ52, y ϭ Ϫ13, z ϭ 6; t ϭ 3.48; cluster size ϭ 33 mm 3 ; p FWE-corr ϭ 0.03).
Discussion
In the present study, we investigated the influence of early language exposure on brain morphology. We found significantly larger HG volumes in bilinguals compared with monolingual participants. This was true both for gray and white matter volumes, for both hemispheres, and for measurements in native and normalized spaces. These results are worth comparing with previous studies looking at effects of language-training experience (Golestani et al., 2011) and language learning (Crinion et al., 2009) . Golestani et al. (2011) , comparing expert phoneticians to controls, reported differences in HG morphology and in the size of the pars opercularis. Yet, the effect of years of practice was only observed in the pars opercularis. The authors argue that HG morphology (especially gyrification) cannot be modified by linguistic experience or training in adulthood (Golestani et al., 2011) . Here, we found that early linguistic experience (being a bilingual or a monolingual) had an impact on the volumes of HG. We also observed a trend for more splitting of HG in monolinguals than in bilinguals that could reflect early experience-dependent plasticity. It remains an open question whether similar patterns could be found between late second-language learners and monolinguals.
Language characteristics can also influence brain morphology. Crinion et al. (2009) have shown structural differences in bilingual and monolingual speakers of Chinese and English, studying differences in brain morphology due to expertise. They were especially interested in identifying differences in pitch perception and production of these two languages of tonal (Chinese) and nontonal (English) nature. The results of the study showed an increase in gray and white matter in the right temporal lobe and left insula in those subjects who spoke Chinese compared with those who did not. Both groups, native Chinese and European subjects who learned Chinese as a second language, showed this effect, discarding an ethnicity bias. Similar to Crinion et al. (2009) , in our study we were interested in brain morphological differences due to expertise controlling for an effect of ethnicity. Additionally, we controlled for language characteristics. We tested participants from Spain who were monolingual (Spanish) or bilingual (Spanish and Catalan). Here it is important to mention that both languages in our study are not tonal and are typologically closely related, which gives additional information on brain differences with respect to language characteristics. We suggest that our results show a clear difference in HG volumes between monolinguals and bilinguals, which can be related to lifelong expertise in language (monolingual/bilingual) and eliminates other factors like language characteristics in pitch perception (tonal/nontonal), ethnicity, or late second language learning.
As mentioned in the introduction and closer to the present study, Mechelli et al. (2004) compared bilinguals (first language: English, second language: other European language) to monolinguals using VBM and observed an increase in gray matter density in a posterior inferior parietal region that, they suggested, might be linked to vocabulary acquisition (Lee et al., 2007) . A similar VBM analysis performed on our participants' scans did not detect a difference in the parietal region but confirmed the HG difference. Such a discrepancy could result from the specific similarities and differences between Spanish and Catalan. Catalan and Spanish overlap significantly at the lexical level but differ in phonology; therefore, it is likely that Spanish-Catalan bilinguals need to recruit regions close to the HG, related to the processing of phonological information (Jacquemot et al., 2003) . It is important to note that both the VBM analyses and our direct measurements of HG cannot precisely target the primary auditory cortex (Rademacher et al., 2001) . Therefore, we do not imply that bilinguals versus monolinguals differences are restricted to the primary auditory cortex. Beside HG, at a lower, uncorrected, statistical threshold, differences in GM are also observed in the right cingulate cortex, which has been implicated in language switching (Wang et al., 2007; Abutalebi et al., 2012) .
The bilinguals in our study were early and highly skilled bilinguals; that is, they had acquired both languages in childhood and lived all their lives in a fully bilingual society. Because the two groups were not self-selected; that is, the bilinguals did not become bilinguals because they were specially gifted at learning foreign languages, one can conclude that the learning of a second language is most likely a causal factor in the increased size of the auditory cortex. It remains to be determined whether late learning, for example in adulthood, can lead to the same increase.
